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Many protocols using retroviral vectors to transfer marker genes have reported an efficient transduction into human hematopoietic cells. 1 Gene marking is commonly based on the resistance of transduced cells to toxic compounds such as neomycin, [2] [3] [4] [5] or are based on colorimetric assays like ␤-galactosidase, luciferase, alkaline-phosphatase involving, in these cases, cell fixation and death. The use of cell surface markers made it possible to identify and sort transduced cells by staining with specific antibodies including human specific antigen (HSA), 6 low affinity human nerve growth factor receptor (LNGFR), 7 murine CD4, 8 human CD3 ␥ , 9 murine CD24 10 and human MDR1. 11, 12 Recently, the gene for the green fluorescent protein (GFP), originally isolated from the jellyfish Aequorea victoria, became an important tool for monitoring gene expression in a variety of cells. [13] [14] [15] GFP emits a bright green fluorescence when cells are excited by ultraviolet (UV) or blue light. GFP fluoresces in the absence of any protein, substrate or cofactor. The crystal structure has shown that the protein is in the shape of a cylinder comprising ␤-sheet on the outside with a single central ␣-helix.
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The rhGFP-S65T gene is an improved 'humanized' mutant GFP which contains chromophore mutations and is codon-optimized for higher expression in human cells. 17 Using this mutant referred to as rHGFP, we have developed an efficient and rapid method to monitor retroviral transduction in human hematopoietic cells.
We tested this reporter system in the context of two different retroviral vectors: the rHGFP sequence was placed under the control of either murine Moloney virus promoter (LTR) in the LXSN vector 18 leading to the LGSN vector or under the control of the spleen focus forming virus LTR promoter in the SF vector, 12 leading to the SF-GFP vector (Figure 1 ). The pLGSN and the pSF-GFP were transfected by DOTAP (Boehringer, Mannheim, Germany) into the ecotropic packaging cell line GP+Env86. Filtered supernatants from ecotropic virus-producing cells were then added to the amphotropic cell line ⌿CRIP in the presence of polybrene at 8 g/ml. The amphotropic producer clones were selected at microscopy by the specific green fluorescence of cells for both LGSN and SF-GFP vectors and also by G418 (1 mg/ml) resistance for LGSN producer cells. Titers were obtained by infection of 10 5 NIH/3T3 cells with successive dilutions of the supernatant. Transduction efficiency was evaluated by cytometric analysis after blue light excitation (490 nm) of target cells. The titer was determined as the number of fluorescent cells/ml of supernatant and was evaluated at 2 × 10 6 and 5 × 10 5 c.f.u./ml for LGSN and SF-GFP producer cells, respectively. The supernatants were tested for the presence of replication competent retroviruses.
Two human leukemic cell lines, K562 and TF-1, were used as models for gene transfer in hematopoietic cells and the murine fibroblastic NIH/3T3 cell line was used as a reference. Non-adherent human cells were infected by a single 3-h exposure to retroviral particles in a protocol using centrifugation at 1000 g. Transduction efficiency was determined by FACS analysis or by using an inverted microscope after blue light excitation. NIH/3T3 cells were easily transduced with an efficiency of more than 80% with a multiplicity of infection (MOI) of 1. For K562 and TF-1 cells a MOI of 10 was used to obtain a transduction efficiency of 30 to 40%. A significantly higher level of fluorescence was found for all cell lines transduced with the SF-GFP vector compared with the fluorescence obtained with the LGSN vector: the ratio of fluorescence (SF-GFP/LGSN) was higher in the hematopoietic cells (K562:2.1 and TF1:3.6) compared with NIH/3T3 cells (1.4).
We next set out retroviral gene transduction into primary human hematopoietic progenitor cells isolated from cord blood. We compared the efficiency of transduction in the presence of a classical combination of three cytokines (IL-3, IL-6 and SCF: medium 3) and a new combination of six cytokines including the same cytokines and GM-CSF, Flt3-L and TPO (medium 6). These cytokines have recently been shown to stimulate a net increase in long-term culture-initiating cells (LTC-IC). 19 The CD34 + population of human cells was selected by immunomagnetic bead separation. We achieved a purity between 92 and 96% (determined by FACS analysis) for all experiments. After 48 h of prestimulation, aliquots of purified CD34 + cells were then infected for 3 days with the retroviral particles LGSN or SF-GFP. For the same cocktail of cytokines (either three or six), no significant difference in expansion was found for the non-transduced and the LGSN-and SF-GFP-transduced cells (Table 1) . Also a similar number of colony-forming cells (CFC) was obtained in non-transduced and transduced cells, demonstrating the absence of toxicity during the expression of the GFP. A mean 48-fold increased expansion of total cells was observed with medium 6, compared with an 18-fold expansion with medium 3. This difference in expansion was also found even for the total number of CD34 + cells with a 4.2-fold and a 2.1-fold increase for medium 6 and medium 3, respectively (Table 1) . Flow cytometric analysis of GFP expression is shown in Figure 2 and results are presented in Table 2 . With regard to the gene transfer, there was no evident variation between either medium: the percentage of GFP + cells among the total cells was 13-29% for medium 3 versus 16-31% for medium 6. For the CD34 + cells, the percentage of GFP + cells was 4-13% for medium 3 and 7-14% for medium 6. Between 2000 and 5000 cells were plated in methyl-cellulose for clonogenic assays. Colonies derived from progenitors (CFU-GM and BFU-E) were scored 2 weeks later and the percentage of gene transfer into progenitor cells was determined by counting colonies expressing the GFP (Table 2) . Results showed the same transduction efficiency into the CFU-GM and BFU-E-derived cells for both cytokine conditions, confirming the results obtained in liquid medium. Microscopic observation showed a more intense fluorescence for SF-GFP transduced cells than for LGSN transduced cells. Figure 3 (c and d) shows the fluorescence of BFU-E cells with the SF-GFP vector. We wanted to study the stability of gene transfer for a long period of cell culture. For this purpose, we cocultured CD34
+ cells with non-irradiated MS-5 cells separated by a porous membrane.
20 CD34 + cells were transduced in the same conditions as described for CFC assays and then cultured in the presence of cytokines (Flt3-L at 50 ng/ml, SCF at 25 ng/ml and IL-3 at 10 ng/ml) for 7 weeks with the transwell system. When we used the SF-GFP vector, the specific fluorescence of unsorted (Figure 4a ) as well as sorted cells (Figure 4b ), was always detectable by FACS analysis or microscopy ( Figure 3a and b, unsorted cells) during the 7 weeks of culture. By contrast, for the cells transduced by the LGSN vector, 
CD34
+ cells from cord blood were purified using the MiniMACS system (Miltenyi Biotec, TEBU, France). Cells were incubated for 48 h in the presence of recombinant human interleukin-3 (rhIL-3) at 20 ng/ml, stem cell factor (rhSCF) at 50 ng/ml, rhGM-CSF at 10 ng/ml, rhFlt3-ligand at 100 ng/ml and thrombopoietin (TPO) at 8 U/ml and then infected three times at 24 h intervals with a protocol using centrifugation at 1000 g for 3 h. Control cells were treated in the same conditions. Twenty-four hours after the last infection, the number of CD34 + cells was estimated by flow cytometry. The number of colony-forming units granulocyte/macrophage (CFU-GM) and burst forming units erythroid (BFU-E) was obtained using a semi-solid CFC assay (StemGem 1d, StemBio Research, Villejuif, France). 2000 to 5000 cells were plated for each assay. After 6 days of culture with three infections, cells were placed in myeloid long-term culture medium (MyeloCult H5100; StemCell Technologies) with freshly prepared 1 m hydrocortisone. 5 × 10 5 Amplified cord blood cells were placed in a culture dish (35 mm) containing a mixture of irradiated M2-10B4 adherent stromal cells engineered to express human IL-3 and G-CSF and irradiated S1/S1 cells engineered to express SCF (kindly provided by C Eaves and D Hogge, Vancouver, Canada). Every week, half of the non-adherent cells were removed and discarded along with half of the medium. This volume was replaced with fresh medium. At week 6, the dishes were harvested and clonogenic assays were performed. After 15 days of incubation, the colonies were counted with an inverted microscope (Olympus IX 50, PROLABO, Fontenay-sous-Bois, France). For colonies, results are expressed per 5000 cells for CFU-GM and BFU-E and per 100 000 cells for LTC-IC. Values are means ± s.d. of four determinations except for LTC-IC where individual values are given for two experiments. *Denotes significant difference (P р 0.05; three cytokines versus six cytokines, Student's t test). NI, non-infected.
Figure 2 Cytofluorimetric analysis of GFP and CD34 expression in primary human hematopoietic cells 24 h after three infections with LGSN and SF-GFP retroviral particles. Cells were stained with anti-CD34-phycoerythrin (PE) conjugated antibody (Becton Dickinson, Le Pont de Claix, France), washed in PBS and then analyzed on a Coulter Epics (Coultronics). Direct green fluorescence was recorded in the FITC emission channel.
GFP expression was never observed after week 3 in unsorted cells (Figure 4a ) and observed weakly in sorted cells (Figure 4b ). The relative fluorescence showed a progressive decrease of the expression level in vitro for the SF-GFP vector. This level of expression was nevertheless sufficient to be monitored by FACS analysis. The percentage of cells expressing the rHGFP (20% in unsorted cells and 90% in sorted cells) was maintained during the 7 weeks of culture, demonstrating the stability of gene integration (data not shown).
The long-term GFP expression in human primitive hematopoietic cells was studied with another culture assay. After transduction, CD34
+ -derived blood cells were placed in a long-term coculture system, constituted of irradiated, mixed feeders (M2-10B4 and Sl/Sl) producing G-CSF, IL-3 and SCF. 6 After a 6-week period, cells + cells were purified and cultured as described in Table 1 . Cells were infected or not three times at 24-h intervals with a protocol using centrifugation at 1000 g for 3 h. Twenty-four hours after the last infection, the percentage of CD34-and GFP- from non-adherent and adherent fractions were collected, pooled and plated in methyl-cellulose to assay the CFC-LTC-IC-derived cells. Colonies were then placed under a fluorescent microscope to score the number of GFP + colonies. Results from two independent experiments, presented in Table 2 , showed that both retroviral constructs allowed the transduction of GFP in primitive hematopoietic cells in the range of 3-16% and 3-12% for LGSN and SF-GFP vectors, respectively.
The ability to sort GFP-positive cells was then studied. Cells were sorted and plated in semi-solid medium as described previously. This experiment led to 83 to 100% granulocytic or erythroid-derived colonies expressing the GFP for both LGSN and SF-GFP vectors (Table 3) , confirming the ability of this gene to be used as a selectable marker for hematopoietic progenitors.
These experiments demonstrate that GFP is an efficient system to study gene expression in early hematopoietic cells. A successful proviral expression of GFP was observed on long-term culture. It is interesting to note that the number of CFC and LTC-IC was not affected by the transduction (Table 1) . Moreover, we observed a decrease in the relative intensity of fluorescence with the SF-GFP vector during the 7 weeks of long-term culture. This decline in green fluorescence was more pronounced for the LGSN vector since, at week 3, the fluorescence of transduced cells was too low to be detected well by flow cytometry. A low level of fluorescence of transduced cells remained detectable by fluorescence microscopy for GFP + sorted cells, suggesting that the decrease in expression was not complete. These data suggest that the LTR regulatory elements of the vectors are susceptible to downregulation in vitro, perhaps due to the methylation of the promoter/enhancer elements. 21 Recently, Lange et al 22 demonstrated a correlation between the loss of retroviral gene expression in bone marrow reconstituted mice and down-regulation of gene expression in LTC-IC. It will be interesting to study whether the same correlation exists for human cells in vitro on long-term culture and in vivo in NOD/SCID mouse models. 23, 24 In conclusion, this report shows that GFP is a useful tool both to monitor in vitro gene transfer and expression during long-term culture and for the selection of transduced hematopoietic cells. A bicistronic retroviral vector containing a therapeutic gene and the rHGFP as a selectable marker might be useful for the gene therapy of genetic diseases in animal models. 
CD34
+ cells were processed as described in Table 1 . Twenty-four hours after the third transduction, cells were sorted on a Coulter Elite (Coultronics, Margency, France) by using the FITC excitation light for rHGFP fluorescence. Values represent the percentage of colonies expressing GFP scored in methyl-cellulose assays (GFP + colonies per total colonies).
